3D printing of highly flexible supercapacitor designed for wearable energy storage by Areir, M et al.
Contents lists available at ScienceDirect
Materials Science & Engineering B
journal homepage: www.elsevier.com/locate/mseb
3D printing of highly flexible supercapacitor designed for wearable energy
storage
Milad Areir⁎, Yanmeng Xu, David Harrison, John Fyson
Department of Design, College of Engineering and Physical Sciences, Brunel University London, Uxbridge UB8 3PH, UK
A R T I C L E I N F O
Keywords:
3D printing technology




A B S T R A C T
The rapid development of flexible energy storage devices is crucial for various applications. However, it is still
difficult to manufacture functional flexible electrochemical double layer capacitors (EDLCs) in one single process
due to many different types of materials being used in EDLCs. This paper presents a novel method of manu-
facturing highly flexible EDLCs by using an open source 3D printer. The EDLC components were fabricated using
a single paste extrusion in a layer wise manner. The detailed fabrication process for a highly flexible EDLCs
device has been demonstrated, where acetoxy silicone was used as the flexible substrate. The purpose of this
study has been to develop a single continuous manufacturing process for EDLC and to investigate the electro-
chemical performances of 3D printed flexible supercapacitors. Mechanical bending tests were carried out to
prove the stability of the electrochemical performance and flexibility of the 3D printed supercapacitors.
1. Introduction
The development of energy storage devices has faced major tech-
nological challenges during the past few decades. Electrical double
layer capacitors (EDLCs) are a promising competitor for alternative
energy storage because of their low-cost, high power density and long
cycle life. Being flexible is one of the critical demands for the recent
development of energy storage devices [1–3]. Recently, EDLCs and
microsupercapacitors have been studied and manufactured by a
number of companies around the world with different novel techniques,
such as spray coating, 3D double extrusion, microextrusion, etc [4–25].
The above techniques, however, are often costly or not able to process
all the materials necessary for making EDLCs. Thus, a combination of
several processes has been required to fabricate a complete and work-
able EDLC. 3D printers developed for additive manufacture have the
ability to create almost any geometrically complex shape and pattern in
a wide range of materials and offer highly precise conformal deposi-
tions [26–28]. The advantages of additive manufacture have been ap-
plied previously in the development of flexible supercapacitors, but it is
still a challenge to achieve a good and stable working performance,
particularly under mechanical bending conditions [29,30]. Other ad-
vantages of this process are that it allows complex shaped super-
capacitors to be made, flexibility in packaging due to a variety of 3D
shapes, and the manufacturing of 3D electronic structures for con-
sumers. Moreover, compared to other 3D printing methods, 3D paste
printing allows a wide selection of composite materials to be deposited
by quickly changing syringes. 3D paste printing does not need com-
plicated post-processing such as thermal sintering, a mask to transfer
pattern or heat to laminate EDLCs. The use of 3D paste printing is easy,
and allows more rapid prototyping of EDLCs for research purposes and
achieves end properties of 3D EDLCs.
This study has addressed the above key challenges and developed a
novel 3D printing method for manufacturing flexible supercapacitors,
by one single continuous process and using low-cost flexible silicone
structural materials that are compatible with the electrode, current
collector and electrolyte materials.
2. Materials used for EDLCs
2.1. Materials
Dow Corning® acetoxy silicone supplied by Screwfix® was used for
substrate and package material. The mixture of silver powder (Ag)
purchased from Gwent Group® and zinc metal powder (Zn, MW 65.38)
was used for current collector paste. All other materials including the
activated carbon particle powder (AC, AR grade, Cat. No. 05105, MW
12.01 g mol−1), sodium carboxymethyl cellulose (CMC, MW 250,000),
polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP, MW
400,000–130,000), polyvinyl alcohol (PVA, MW 146,000–186,000,
99+% hydrolysed), 1-methyl-2-pyrrolidinone (NMP, 1.028 g ml−1)
and phosphoric acid (H3PO4, 6 M) were supplied by Sigma-Aldrich®.
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2.2. Preparation of the activated carbon slurry
In order to reduce the size of the activated carbon (AC) particles and
to ensure a uniform deposition of AC slurry through a tiny 0.6 mm ta-
pered nozzle, a ball-milling process was used. 100 g of AC powder was
added into 50 mL of carbon-based Chinese ink, and 100 mL of distilled
water, and milled for 72 h. The average particle diameter is 0.4 μm.
Then 5 g of the milled AC powder was heated at 150 °C in an oven to
allow the solvent, mostly water, to evaporate. 2.6 g PVA powder was
dissolved in 20 ml distilled water at 50 °C for 1 h under magnetic stir-
ring. The dry AC power was mixed with the PVA gel solution under
stirring at room temperature for 24 h. To ensure the homogeneity of the
AC slurry 8 mL H3PO4 and 1 g of 5% CMC was added.
2.3. Preparation of the gel electrolyte
The PVA gel electrolyte used in this study was an important com-
ponent for flexible EDLCs and its properties significantly affected the
EDLC’s electrochemical performance. To prepare an aqueous solution of
PVA, 2.5 g PVA powder was mixed with 30 mL distilled water and was
stirred at 50 °C for 1 h until fully dissolved. To avoid a rough layer and
to get more sticky 1.5 g CMC of 5% was then mixed with the PVA so-
lution followed by 18 mL 6 M H3PO4 with magnetic stirring overnight
until completely homogeneous.
2.4. Preparation of the current collector paste
It was critical to prepare a conductive paste with a good bonding to
the substrate in 3D printing, especially as silicone was used as the
substrate material. 1 g PVDF-HFP pellets were dissolved in 15 mL NMP
at 40 °C for 1 h first. After that, 4.5 g zinc metal powder was mixed with
5 g silver powder (Ag) and added to the solvent/polymer mixture and
kept stirring overnight. PVDF as a type of piezoelectric polymer en-
hanced the bonding of silver and zinc particles therefore improving the
conductivity of the current collector.
3. Manufacturing process and measurement for EDLCs
3.1. Design of the structure of printable wearable EDLC
Fig. 1 shows the schematic diagram of an EDLC designed for this
study. Due to the working mechanisms, there are four layers of mate-
rials on each side of an EDLC, i.e. silicon substrate, current collector, AC
material, and gel electrolyte. This EDLC was also designed as a wear-
able device, i.e. a bracelet, thus the structure of the supercapacitor
designed for this study included a locking mechanism to allow the
complete product to be worn around the wrist as a bracelet.
3.2. Manufacturing process
Paste deposition by 3D printing is a promising manufacturing
method for controlling the deposition layers, and it can provide accu-
rate and complex structured devices. In this study, a paste extruder
(Discov3ry®) was employed to print all the different types of materials
for the EDLC. As shown in Fig. 2(a) the paste extruder was attached to,
and controlled by, a commercial 3D printer (Ultimaker®). Fig. 2 shows
the manufacture processes of a flexible EDLC, and Table 1 lists the
manufacturing process parameters. The EDLCs components were de-
posited in a 100% fill density in grid patterns to make the device robust.
Fig. 2(b) depicts the frame part of an EDLC printed by depositing
acetoxy silicone material on a build platform covered with Teflon
paper, which was used for easy removal when the wet silicone is dried.
Subsequently, the frame part printed was left to cure for 2 h. In addi-
tion, 5% CMC binder was coated by spreading method on surface of the
silicone substrate in order to help the current collector layer stick onto
the silicone substrate better. Fig. 2(c) shows the current collector ma-
terial to be deposited on silicone layer and kept for 2 h to fully cure and
adhere to the silicone substrate. Next, the AC electrode layer of 0.6 mm
thickness was deposited with a dimension of 163 mm× 5 mm as
shown in Fig. 2(d). Following this, the gel electrolyte of PVA/H3PO4
was deposited onto the electrodes and they were kept in a vacuum
desiccator for an hour to allow the infiltration of the PVA/H3PO4
electrolyte into the carbon particle pores fully, as illustrated in Fig. 2(e).
The components already built and fully dried were then returned to the
platform of the 3D printer to deposit another layer of silicone around
the edge to act as a gasket. The other side of the EDLC was printed the
same as described above. Finally, the two sides were sealed together
as a complete EDLC, as revealed in Fig. 2(f).
In total four EDLCs (designated as C1, C2, C3 and C4) have been
manufactured under the same conditions in this study to investigate the
reproducibility of the manufacturing process and the stability of the
electrochemical performance of the EDLCs.
3.3. Measurement of the electrochemical properties
An electrochemical workstation (VersaSTAT 3.0) was set up to
measure the electrochemical performance of the EDLCs printed. The
electrochemical performance was evaluated by cyclic voltammetry
(CV) and galvanostatic charge/discharge (GCD) tests. Electrochemical
impedance spectra (EIS) were measured at an open circuit potential of
0 V between the frequencies from 0.01 Hz to 100 kHz with 10 points






Where, C is the capacitance in farads (F), Qtotal is the supercapacitor
charge in coulombs (C), and ΔV is the voltage range in volts (V).
The area specific capacitance (Ca) of the supercapacitor can be
calculated from the CV curves using:







Where, A is the area of the electrodes (cm2), ΔV/Δt is the voltage scan
rate (V s−1), Vf and Vi are the potential limits of the CV curve, and





is the numerically integrated area of the CV curve.
During the GCD test, the capacitance can be calculated at a constant
current of 15 mA by:
=C i.Δt
ΔV (3)
Where, i is the discharge current in amperes (A), Δt is the discharging
time (s) and ΔV is the voltage of the discharge (V). In addition, the




Where, C is the capacitance in farad (F) calculated by GCD, m is the
total mass of the active material used for one single electrode (g).Fig. 1. Schematic of the structure of printable wearable EDLC.
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4. Result and discussion
C1 was selected as a sample for assessing the electrochemical per-
formance of a single supercapacitor designed and manufactured in this
study. C1 and C2 were selected for evaluating the combined electrical
circuit.
4.1. Evaluation of the 3D printing process
Fig. 3 shows a half (one side) of the EDLC successfully printed with
2 layers on 2.5 mm thick silicon substrate, each layer of the material
printed was about 0.6 mm thick and the total printing time spent was
approximately 8 min. The total mass of printed AC electrode was 2 g for
both EDLC frames at 100% fill density. Overall, the 3D printed flexible
EDLC showed that the adhesion between different material layers was
strong and there was no leakage. The grid pattern selected for different
layers of materials displayed a solid structure and robust final product.
The disadvantage of the paste extruder driven by a stepper motor was
that it was difficult to have a consistent deposition rate when the ma-
terial’s viscosity was too high with the tiny 0.6 mm diameter tapered
printing nozzle. Therefore, the silicone and AC slurry had to be fresh
material, with a low viscosity, in order to obtain a consistent deposition
and an accurate dimension for each layer of the material. The PVA/
H3PO4 gel electrolyte and its viscosity and smooth flow could be ma-
nipulated by adding H3PO4 acid if necessary.
The scanning electron microscopy (SEM) of the surface morphology
of the 3D printed AC slurry electrode as shown in Fig. 4. It was mea-
sured on a Zeiss (Model SUPRA 35 VP), and operated at an acceleration
voltage of 20 kV. It reveals that the AC slurry consists of PVA binder
and has a pores structure that was impregnated with H3PO4 electrolyte.
Fig. 2. A schematic representation of the 3D flexible
EDLCs manufacture.
Table 1












Silicone & AC 0.6 0.6 90 18,000
Electrolyte & conductive
paste
0.6 0.6 60 15,000
Fig. 3. 3D printed EDLC part of the silicone substrate and AC layers.
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The small number of holes is intriguing. It might be due to the trapped
air when the paste was extruded or the front filling method of the AC
paste has entrapped some air.
4.2. CV characterization
CV tests were performed to determine the capacitance of the printed
AC electrodes. All CV curves were recorded with an applied potential
from 0 to 0.8 V. Fig. 5 shows the typical charge-discharge profile of the
flexible EDLC (C1). C1 delivered a capacitance of 1.4, 0.7, and 0.2 F at
the scan rate of 20, 50, and 100 mV s−1, respectively, calculated by Eq.
(1). It can be seen that the charging current decreases with the decrease
of scan rate, which leads to an increase of the capacitance. The Ca of the
flexible EDLC based on both electrolytes calculated from the CV curves
by Eq. (2) were 1.48, 0.45, and 0.13 F cm−2 at scan rate of 20, 50, and
100 mV s−1, respectively. The specific capacitance of the EDLC depends
on the specific surface area of AC electrode in contact with the elec-
trolyte. The Chinese ink used in the AC material may also provide an
extra accessible specific surface area in this case. The capacitance in-
creased with the decrease of the scan rate because at the lower scan rate
the ions could travel deeper inside the AC material leading to a better
surface coverage reaction.
4.3. GCD characterization
Fig. 6(a) shows five cyclic charge-discharge curves measured for C1
at a constant current of 15 mA. By applying the potential to the elec-
trodes, ions were pulled to the surface of the electrical double layer and
Fig. 4. SEM image of 3D printed AC electrode
layers.
Fig. 5. CV curves of printed flexible EDLC recoded at different scan
rates of 20, 50, 100 mV s−1.
M. Areir et al. Materials Science & Engineering B 226 (2017) 29–38
32
supercapacitor was charged. Inversely, they moved far away when
discharging the supercapacitor and the dielectric material (PVA/
H3PO4) was responsible for preventing the two AC electrodes from
contacting or shorting. The curve is almost linear within the whole
potential range, which shows an excellent supercapacitor performance.
There was an iR drop because of the equivalent series resistance (ESR)
of the EDLC and discharge current, which is the voltage drop (ViR) at
the beginning of each discharge curve, as shown in Fig. 6(a). The iR
drop for the electrolyte was about 0.12 V. The iR compensation tech-
nique (iRcomp) using the electrochemical workstation in an auto-ranged
experiment showed the resistance to be 5.5 Ω. The minimum iRcomp
(1.96 Ω), is similar to the ESR and shows a good contact between
printed AC and current collector and there was no corrosion on current
collector caused by PVA/H3PO4. The discharging time of the GCD
process was 4 s. The capacitance can be directly calculated by GCD
using Eq. (3), which was 0.1 F and almost half of the capacitance value
calculated by CV at the scan rate of 100 mV s−1. This is because the
high current of 15 mA was applied constantly during the GCD test at
0.8 V, whereas the maximum current observed from the CV test was
15 mA at the scan rate of 100 mV s−1 (shown in Fig. 5). It has been
proved above that the higher current applied the lower the capacitance
that can be obtained. It is considered that the high current of 15 mA and
the thickness of 0.6 mm of the AC electrodes lead to a low operation of
kinetic movement of ions. In addition, the low iRcomp and the maximum
current of 15 mA at the scan rate 100 mV s−1 may lead to some energy
loss. Fig. 6(b) shows that the iR increased when the current increased,
Fig. 6. (a) Constant current GCD curve of flexible electrodes at
current of 15 mA; (b) GCD curve recorded at different charge cur-
rents.
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the capacitance calculated by the GCD using Eq. (3), was 4.13, 2.65,
1.93, 0.45, and 0.1 F at currents of 4, 6, 8, 10, and 15 mA, respectively.
The specific capacitance (Cs) of the flexible EDLC based on the mass of
each AC electrode calculated by Eq. (4) was 0.2 F g−1.
The specific energy and power can be calculated from the GCD
curve by Eqs. (5) and (6):
=E 1
2
C vs 2 (5)
=P E
Δt (6)
Where E is the specific energy density, Cs is the specific capacitance, v is
the potential window; P is the specific power density, and Δt is the
discharging time.
The specific energy density of the EDLC printed was 0.064 Wh kg−1,
and specific power was 57.60 W kg−1. AC based EDLCs have the unique
advantage of higher power and energy density when used with organic
electrolytes [31]. The specific energy of the flexible EDLC in PVA/
H3PO4 gel electrolytes developed in this study was not comparable with
organic electrolyte based EDLCs. Table 2 shows a comparison of the
supercapacitor based on a 3D paste process and the supercapacitors
made using other 3D printing methods. Each type of the 3D printing
method has its specific advantages and disadvantages [6,32–37].
4.4. Test of combination circuits of printed flexible EDLCs
The applications of flexible EDLCs strongly depend on operating
voltage. However, the maximum voltage that can be applied on a single
aqueous electrolyte based EDLC is low (< 0.8 V), therefore, they often
need to be connected to each other in series or parallel combinations to
achieve desired operating voltage and capacitance as shown in Fig. 7(a,
b). In order to demonstrate the electrical functionality of the flexible
EDLCs manufactured in this study, the tests of electrical performance of
two EDLCs in the form of series and parallel connection were carried
out. Fig. 7(c) shows the CV curves of two individual flexible EDLCs (C1
and C2) and their series and parallel combination circuits. It can be seen
from curves at scan rate 20 mV s−1 that there is a very little reduction
and oxidation at around 0.5 V in C1, C2 and parallel circuits. The area
of the CV curve decreased significantly for series circuits at the oper-
ating voltage of 1.6 V. It is noticed that the area of C1 or C2 is ap-
proximately equal to double of the area for the series circuits whereas
the total area of C1 and C2 is equal to the area in the parallel circuit,
which implies that the ELDCs behave as a normal energy storage de-
vice. Table 3 gives the relationship between the capacitance values at
the scan rate of 20 mV s−1 and iRcomp. It can be seen that the flexible
EDLCs made in this study behave strictly like the normal energy sto-
rage, i.e. the theoretical values are very close to the experimental va-
lues. In addition, the relationship between the capacitance values of
individual EDLCs and their series and parallel circuits measured by CV
and GCD tests strictly comply with the principle of energy storage. The
fact that the capacitance value for series circuit (0.7/0.034 F) being
lower than that for parallel circuit (2.6/0.17 F) as is expected.
The GCD plots in Fig. 7(d) shows a comparison of the first cycle
charge-discharge curve for each type of circuit, i.e. two individual
EDLCs and their series and parallel connection. The capacitances for C1
and C2 calculated from the GCD curve using Eq. (3) are 0.1 and 0.07 F,
respectively. The capacitance calculated from the GCD tests for parallel
circuit is 0.17 F, which is the same as the sum of C1 and C2 calculated
by GCD. It can be seen obviously that the iR drop significantly decreases
in parallel circuit, which was 0.08 V at 15 mA, in comparison with
0.36 V at the operating voltage of 1.6 V in the series circuit. The iR drop
observed is larger with the series circuit due to the high value of ESR.
The maximum current that can be applied in the parallel circuit at 0.8 V
was identified to be 19 mA, i.e. under 19 mA and 0.8 V the parallel
circuit behaves appropriately, and the iR drop increased to 0.11 V ac-
cordingly. The specific energy density of flexible EDLCs in PVA/H3PO4
gel electrolyte in parallel and series circuits was 0.11 Wh kg−1,
0.087 Wh kg−1, with power densities of 55 W kg−1, 110 W kg−1, re-
spectively.
Fig. 7(e) shows that the results correspond well with the impedance
performances of C1, C2 and their electrical combinations in series and
parallel at the frequency range of 100 kHz to 0.01 Hz. It shows a good
capacitive performance even at a high frequency, e.g. 100 kHz. The
semicircle cannot be seen from the graph because of the low contact
resistance and highly accessible surface of the printed AC electrode; and
the charge transfer resistance was low due to the electrolyte con-
centration. The ESR can be estimated for each circuit from the inter-
section between the straight section of the Nyquist plot at low fre-
quency and the X-axis [38]. In addition, the iRcomp can be estimated by
the same approach, but can be measured more accurately when using
the auto range function in an electrochemical workstation.
4.5. Flexibility of the EDLCs
An important requirement for an energy storage device nowadays is
its flexibility as conventional supercapacitors can be too bulky, heavy,
and rigid. Highly flexible EDLCs that can be bent without affecting the
performance are desired. Mechanical bending tests were carried out in
this study to investigate the flexibility of the EDLCs printed. C2 was
chosen for the bending tests with radius (r) of 15 and 35 mm. The CV
curves in Fig. 8(a) show no obvious oxidation or reduction when the
current was 15 mA and the operating voltage of 0.8 V at the scan rate
50 mV s−1 under the conditions of being flat and with a bend radius of
35 and 15 mm. The capacitance of C2 under those conditions was 0.68,
0.37, and 0.4 F, respectively, i.e. 54–58% of capacitance was retained
under the bending conditions when compared with the original flat
status. It is believed that this deterioration of capacitance was due to
the adhesion between the AC electrodes and the current collector of the
EDLC becoming worse under the bending condition, which caused
higher resistance of the EDLC. This result is in good agreement with the
findings from the results described by other researchers [39].
The GCD behaviour was also investigated at the bending radius of
Table 2
3D printing techniques for fabrication of supercapacitors.
Fabrication process Electrode/Electrolyte Performance Ref.
Specific capacitance Energy density Power density Cycling stability
3D printing direct-ink writing Graphene aerogel/KOH 63.6 F g−1 0.14 mWh cm−3 49.4 mW cm−3 95.5% after 10,000 cycles [32]
3D laser direct writing rGO/Au/PVA-H2SO4 3.8 mF cm−2 n/a n/a 50% after 10,000 cycles [33]
3D micro extrusion rGO/PVA-H2SO4 41.8 F cm−3 7.6 mWh cm−2 29.2 mW cm−2 41% after 10,000 cycles [6]
3D laser direct writing Polyimide/PVA-H2SO4 2.3 mF cm−3 n/a n/a 96% after 2000 cycles [34]
3D printing selective laser melting Ppy/PVA-H3PO4 2.4 F cm−3 213.5 Wh m−3 15.0 kW m−3 78% after 1000 cycles [35]
3D printing (FDM) Graphene PLA/PVA-H2SO4 485.4 μF g−1 n/a n/a 33% after 200 cycles [36]
Micromachining technique (LIGA-like) Ppy/LiCiO4-H2O-PVA 0.03 F cm−2 n/a 2.2 mW cm−2 n/a [37]
3D paste process AC/PVA-H3PO4 1.48 F cm−2 0.064 Wh kg−1 57.6 W kg−1 56% after 500 cycles This work
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35 mm and 15 mm at 0.8 V and current of 15 mA, as shown in Fig. 8(b).
It can be clearly seen that the iR drop significantly increases in the bent
condition in comparison with the flat EDLC. The iRcomp also increases to
17.3 Ω at 35 mm bending radius in contrast with 13.5 Ω when the
bending radius was 15 mm and 3 Ω when it was flat. Hence, the result
shows that the iRcomp at the bending radius of 15 mm is approximately
21% less than the iRcomp for a radius of 35 mm, which is the reason for
the slight increase of the capacitance as revealed by the CV
Fig. 7. (a) Photograph of two EDLCs in parallel; (b) in series; (c) CV re-
corded at 20 mV s−1 for two single EDLCs and their electrical combina-
tions in series and parallel; (d) GCD curve of the first cycle for each circuit
and enlarged view of parallel circuit at 19 mA; (e) Complex plane plot of
the impedance for each circuit using a 0 V and the enlarged view in the
area of high frequencies.
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measurement discussed above. The reason for iR drop change under the
bending tests could be the conductivity decrease caused by the contact
area change of each layer. At high bending, the iR drop decreases be-
cause of compression of the EDLC components particles.
4.6. Cycling stability and reproducibility of the EDLC by 3D printing
Fig. 9(a) shows the CV curves of C2 for different cycles recorded at a
scan rate of 80 mV s−1. It can be seen that the capacitance decreases
gradually when the cycling number increases. After few cycles, the
contact force between electrode and PVA/H3PO4 gel electrolyte was
changed and this suggests that the ion diffusion in the PVA/H3PO4
decreased as the water had evaporated. The capacitance of C2 was
calculated by Eq. (1). Fig. 9(b) shows the corresponding capacitance
with respect to the CV cycle number. Capacitance decreased sig-
nificantly to 80% of that initial capacitance at the 50th cycles, the ca-
pacitance was 56% compared to the capacitance at 5th cycle after 500
cycles.
The other two EDLCs (C3 and C4) fabricated with the same manu-
facturing processes and conditions as C1 and C2 were evaluated by the
same method to investigate the reproducibility of the 3D printing
method. The performance of all four EDLCs has been compared and is
shown in Fig. 9(c). It shows the typical shape of CV curves at the scan
rate of 100 mV s−1. The area of the CV charge and discharge curves is
quite similar suggesting the stability and reproducibility of the 3D
printed process for flexible EDLCs. The capacitances of all samples
made are very similar at the scan rate of 20 mV s−1, i.e. C1 1.4 F, C2
1.5 F, C3 1.4 F, and C4 1.2 F, respectively.
5. Conclusions
A flexible and stable electrical double layer capacitor has been de-
veloped in this study, which can be manufactured in one continuous
process by a 3D printer, i.e. an extrusion system. The various materials
that are needed to compose an EDLC can be applied in one extrusion
system. Four EDLC samples were fabricated successfully with grid
patterns by 3D printing onto flexible silicone substrate. A typical
Table 3
All circuits calculated capacitances from CV at 20 mV s−1 and GCD with iR compensa-
tion.
Capacitance (F) iRcomp (Ω)
by (CV) by (GCD)
Experiment Theory Experiment Theory
C1 1.4 0.1 5.5
C2 1.5 0.07 3
Parallel 2.6 2.9 0.17 0.17 1.96
Series 0.7 0.72 0.034 0.04 8.69
Fig. 8. (a) CV curve of 3D flexible EDLC recoded at 50 mV s−1
under flat, bent radius of 35 and 15 mm conditions; (b) GCD
curves of flexible EDLCs with bending and flat status at current of
15 mA; (c) Digital image of flexible EDLC.
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structure of an EDLC was created by depositing current collectors, AC
electrodes, and PVA/H3PO4 gel electrolyte onto silicone rubber as
promising flexible materials for various applications of energy storage
devices. The 3D printed EDLCs exhibited an excellent electrical capa-
citance performance for different combination circuits. The mechanical
bending of the 3D EDLC was tested and exhibited a good flexibility and
retention of 54–58% of its initial capacitance at a scan rate of
50 mV s−1. The 3D printing process had a good reproducibility and this
suggests that 3D printing based on paste extrusion may be used to de-
velop more sophisticated electronic devices with various forms of paste
Fig. 9. (a) CV curves of the EDLC under cyclic test; (b) Capacitance
decay curve of the EDLC during 500 cycles; (c) CV curves of four
EDLCs under the same 3D parameters and conditions.
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